It was demonstrated that cetuximab-induced tumor regression is based on the effects exerted by immune cells included mainly in the innate immune response. Therefore, the focus of this study was to explore the alterations in the percentages of CD16+, and/or CD56+ lymphocytes, which are comprised of NK cells, and minority of CD56+CD3+ cells, in patients with metastatic colorectal cancer before or 2 months after the treatment with cetuximab-based regimens associated with the response to therapy. The changes in the percentages of lymphocytes and granulocytes in these patients were evaluated as well. We enrolled 50 patients with wild-type KRAS metastatic colorectal cancer. Disease progression was observed in 11/50 patients (non-responders), while other patients achieved partial response or stable disease (responders). Control groups included up to 72 healthy individuals. A significant decrease in the percentages of CD56+ and CD16+CD56+ lymphocytes together with a significant decrease in the percentage of lymphocytes and an increase in the ratio of granulocyte to lymphocyte percentages were observed in patients with metastatic colorectal cancer before therapy, compared with those in the healthy individuals. In contrast to those in the responders, the percentage of CD16+ lymphocytes in the overall white blood cell pool was shown to be significantly decreased in the non-responders, together with a significantly decreased percentage of lymphocytes, a significantly increased percentage of granulocytes, and an increased ratio of granulocyte to lymphocyte percentages before treatment compared with those in the healthy controls. Two months after the initiation of the treatment, significantly decreased percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes were observed in patients, compared with those determined in the healthy controls. The same changes in the amounts of circulating immune cells were also observed in the responder subgroup, but the percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes 2 months after treatment in the non-responder group did not differ significantly in comparison with healthy individuals. Considerable alterations of immune cell percentages observed in patients with metastatic colorectal cancer with disease progression indicate that the assessment of peripheral white blood cell architecture before treatment initiation may be clinically relevant.
It was demonstrated that cetuximab-induced tumor regression is based on the effects exerted by immune cells included mainly in the innate immune response. Therefore, the focus of this study was to explore the alterations in the percentages of CD16+, and/or CD56+ lymphocytes, which are comprised of NK cells, and minority of CD56+CD3+ cells, in patients with metastatic colorectal cancer before or 2 months after the treatment with cetuximab-based regimens associated with the response to therapy. The changes in the percentages of lymphocytes and granulocytes in these patients were evaluated as well. We enrolled 50 patients with wild-type KRAS metastatic colorectal cancer. Disease progression was observed in 11/50 patients (non-responders), while other patients achieved partial response or stable disease (responders). Control groups included up to 72 healthy individuals. A significant decrease in the percentages of CD56+ and CD16+CD56+ lymphocytes together with a significant decrease in the percentage of lymphocytes and an increase in the ratio of granulocyte to lymphocyte percentages were observed in patients with metastatic colorectal cancer before therapy, compared with those in the healthy individuals. In contrast to those in the responders, the percentage of CD16+ lymphocytes in the overall white blood cell pool was shown to be significantly decreased in the non-responders, together with a significantly decreased percentage of lymphocytes, a significantly increased percentage of granulocytes, and an increased ratio of granulocyte to lymphocyte percentages before treatment compared with those in the healthy controls. Two months after the initiation of the treatment, significantly decreased percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes were observed in patients, compared with those determined in the healthy controls. The same changes in the amounts of circulating immune cells were also observed in the responder subgroup, but the percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes 2 months after treatment in the non-responder group did not differ significantly in comparison with healthy individuals. Considerable alterations of immune cell percentages observed in patients with metastatic colorectal cancer with disease progression indicate that the assessment of peripheral white blood cell architecture before treatment initiation may be clinically relevant. (1) (2) (3) (4) . This EGFR-targeting monoclonal antibody has been used as a single agent or in combination with chemotherapeutics for the treatment of patients with wild-type KRAS and EGFR-expressing metastatic colorectal cancer (1) (2) (3) (4) . Many clinical research studies demonstrated the efficacy of cetuximab and showed that it improves the median overall survival, progression-free survival, and response rate in these patients (3) (4) (5) (6) .
Cetuximab anticancer effects are based on the direct inhibition of EGFR activation and downstream signaling, antibody-dependent cell-mediated cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and adaptive immune response mediated by CD8+ cytotoxic T lymphocytes (2, 7, 8) . Cetuximab specifically binds to the EGF receptor and prevents the binding of its ligands, EGF and TGF-α, and inhibits the activation of EGFR/PI3K/AKT/ mTOR, EGFR/RAS/RAF/MAPK/ERK, and JAK/STAT signaling pathways in cancer cells, which further leads to G1 cell cycle arrest and the induction of apoptosis, as well as a decrease in the production of matrix metalloproteinases and vascular endothelial growth factor (2, 7, 8) . The ADCC, mediated by the immune system cells expressing Fcγ receptors (CD16, CD32, and CD64), plays an important role in the efficacy of tumor-antigen-specific IgG1 monoclonal antibody therapeutics, including cetuximab (7-9). CD16+ and/or CD56+ cells are considered the main effectors of the ADCC triggered by the cetuximab against cancer cells overexpressing EGFR (10, 11) . The Fc fragment of cetuximab can also bind to the C1q and activate the classical complement pathway which results in cancer cell killing (9) .
Considering the indispensable role of the immune-mediated mechanisms underlying the anticancer activity of cetuximab, the profiling of immune system cell subsets in the peripheral blood of patients with metastatic colorectal cancer may contribute to the characterization of individual anticancer immune response and its effects on the clinical outcome. Therefore, the aim of this study was to explore the alterations in the percentages of CD16+, and/or CD56+ lymphocytes, which are comprised of NK cells, and minority of CD56+ CD3+ cells, in patients with metastatic colorectal cancer before or 2 months after the treatment with cetuximab-based regimens associated with the response to therapy. The changes in the percentages of lymphocytes and granulocytes in these patients were evaluated as well.
PaTienTs anD MeThODs

Patients
This study included 50 patients with the wild-type KRAS metastatic cancer of the colon or rectum. BRAF mutational status of these patients was unknown. Patients were treated with cetuximab in the third line setting. Cetuximab was administered in the dose of 500 mg/m 2 in combination with irinotecan in the dose of 180 mg/m 2 in 2-week intervals, or as monotherapy in the same regimen. Blood samples were collected prior to the initiation of cetuximab treatment and 2 months after the beginning of the therapy, when the response was evaluated according to Response Evaluation Criteria in Solid Tumors version 1.1 (12) .
The control group consisted of up to 72 healthy individuals. This study was approved and carried out in accordance with the recommendations of Ethics Committee of the Institute of Oncology and Radiology of Serbia with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. Patients were enrolled between February 2013 and December 2015.
Flow cytometry analysis
Identification of specific white blood cell subpopulationslymphocytes, granulocytes, CD16+ lymphocytes, CD56+ lymphocytes, and CD16+CD56+ lymphocytes in whole blood samples-was performed by flow cytometry. Monoclonal antibody specific for CD56 was FITC-stained, isotype mouse BALB/c IgG2b, κ, clone NCAM16.2, while monoclonal antibody specific for CD16 was PE-stained, isotype mouse BALB/c IgG1, κ, clone B73.1 (Becton Dickinson Immunocytometry Systems, CA, USA). The percentages of circulating immune system cells were determined using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). CELLQuest software (BD Biosciences) was used for the analysis of the acquired data. The flow cytometry data are shown as the percentage of CD16 and/ or CD56 expression on lymphocytes sorted by physical gating, and also on the total white blood cell pool. The percentages of lymphocytes and granulocytes were determined by white blood cells physical gating using FSC vs SSC dot plot. The representative dot plot and plot of CD56-FITC and CD16-PE staining showing CD56+, CD16+, and CD16+CD56+ lymphocytes are shown in Figure 1 . The reference cut-off values (mean value and SD, Xav ± SD) for the investigated parameters were previously established in our laboratory by analyzing the blood samples of 41 healthy individuals (13) .
Determination of anti-egFr antibody concentration
The concentrations of anti-EGFR IgG autoantibodies in the sera of patients and healthy controls were determined by ELISA using recombinant human EGFR (Sino Biological Inc., Beijing, P.R. China; catalog number 10001-H08H). Briefly, 100 µL of EGFR solution in bicarbonate buffer (pH 9.5) was added to polystyrene 96-well microtiter ELISA plates at a concentration of 2.5 µg/mL (F96 MaxiSorp Nunc Immuno Plates, Thermo Fisher Scientific, Kamstrupvej, Roskilde, Denmark). The plates with coated wells were incubated at 4°C for 24 h, in order for antigens to bind to the polystyrene surface. The following day these plates were washed and polystyrene surface was blocked with 1% bovine serum albumin (BSA; Sigma, Saint Louis, MO, USA) for 1 h at room temperature. After washing and aspiration, 50 µL of serum samples (1/100) was added to wells and incubated for 1 h at room temperature, and they were subsequently aspirated and washed. Sheep anti-human IgG horseradish peroxidaselabeled secondary antibodies were used for the detection of primary antibodies bound to EGFR antigen (AP004; Binding Site, Birmingham, UK). Secondary antibody solution (50 µL) was added to the wells, plates were incubated for 1 h at room temperature, and washed five times. A substrate solution, TMB (3,3′,5,5′-tetramethylbenzidine) (INEP, Zemun, Serbia) was added to the wells (100 µL) and following a short incubation (5-10 min), the enzyme reaction was terminated by the addition of 2 M sulfuric acid (50 µL). Optical density (OD) was measured at 450 nm using microplate reader (Multiskan EX; Thermo Scientific, Waltham, MA, USA).
Cetuximab was used for the construction of calibration curves, and anti-EGFR IgG antibody concentrations were presented as ng/mL. The absorbance of the proper serum blank (two wells non-EGFR coated) was always subtracted from the absorbance of the corresponding serum sample (two wells coated with EGFR antigen). The reference cut-off values (Xav+2SD) were obtained by analyzing the sera of 36 apparently healthy individuals. Four healthy controls had 0 values for anti-EGFR IgG levels.
statistical analyses
Statistical significance of the obtained data was estimated using the Mann-Whitney U-test and Wilcoxon signed rank test. Normal distribution of parameters was analyzed using the Kolmogorov-Smirnov test and Shapiro-Wilk test. p values <0.05 were considered statistically significant. In the case of multiple comparisons using the same data set, Bonferroni correction set the significance threshold value at 0.05/3 = 0.0167.
resUlTs response to Therapy
Assessment of the response to cetuximab-containing therapy 2 months after its initiation showed the progression of disease (PD) in 11/50 patients with metastatic colorectal cancer. Other patients included in this study achieved partial response (26) or stable disease (12) . One patient had allergic reaction after first therapy cycle and was excluded from further analyses. Patients with stable disease and partial response were considered responders, while patients with PD were considered non-responders.
Peripheral White Blood cell subset architecture in Patients with Metastatic colorectal cancer before Therapy A significant decrease in the percentage of CD56+ and CD16+CD56+ lymphocytes was determined in the patients with metastatic colorectal cancer before the initiation of cetuximabbased therapy, when compared with healthy control individuals ( Table 1 ). In addition, significantly decreased percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes in the overall white blood cell pool were observed in the patient group before therapy, compared with those in the healthy controls. Significantly lower percentage of total lymphocytes and a significantly higher ratio of granulocyte to lymphocyte percentages were observed in patients with metastatic colorectal cancer in comparison with these values obtained for the healthy individuals.
A significant decrease in the pre-treatment percentages of CD56+ and CD16+CD56+ lymphocytes, in total lymphocytes and in the overall white blood cell pool, was shown in the group of patients without PD (responders) and in the group of patients with PD (non-responders) compared with those in the healthy controls ( Table 1) . Unlike in the group of responders, the nonresponders before treatment initiation showed a significantly lower percentage of CD16+ lymphocytes in the overall white blood cell numbers and a decreased lymphocyte percentage. In addition, non-responder group showed a significant increase in the percentage of granulocytes and a higher ratio of granulocyte to lymphocyte percentages in comparison with these values determined in the healthy individuals. No significant differences in the percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes, determined in the pool of lymphocytes or overall white blood cells, as well as in the percentage of lymphocytes, granulocytes, and the ratio of granulocyte to lymphocyte percentages before receiving cetuximab-based therapy between responders and non-responders were found ( Table 1) . Non-responders before therapy were shown to have a decreased percentage of total lymphocytes, higher percentage of total granulocytes and a higher ratio of granulocyte to lymphocyte percentages than the responders, although these differences were not statistically significant (p = 0.0497, p = 0.0273, and p = 0.0469, respectively).
Peripheral White Blood cell subset architecture in Patients with Metastatic colorectal cancer after Therapy
Two months after the initiation of cetuximab-based therapy, a significantly decreased percentage of CD16+ lymphocytes, in addition to significantly decreased percentages of CD56+ and CD16+CD56+ lymphocytes in the pool of lymphocytes and in the overall white blood cell pool, were shown in the group of patients with metastatic colorectal cancer in comparison with those determined in healthy individuals ( Table 2 ). The same changes in the peripheral CD16+, CD56+, and CD16+CD56+ lymphocytes were observed in the subgroup of responders, but not in the non-responder group, 2 months after therapy when compared with those in the healthy controls. No significant differences in the percentages of total lymphocytes and granulocytes and in the ratio of granulocyte to lymphocyte percentages were observed between patients and healthy controls and between the responders and healthy controls. In contrast to the alterations in white blood cell subsets assessed in responders, the nonresponders, 2 months after the beginning of cetuximab-based therapy, had a significantly lower percentage of lymphocytes and a higher percentage of total granulocytes (p = 0.0176) and a significantly higher ratio of granulocyte to lymphocyte percentages than those in the healthy control group ( Table 2 ). There were no statistically significant differences in the percentages of peripheral white blood cell subpopulations between the responders and non-responders 2 months after the start of the therapy. However, we observed that responders had lower percentage of CD16+ lymphocytes, higher percentage of lymphocytes, lower percentage of granulocytes, and lower ratio of granulocyte to lymphocyte percentages in comparison with those values determined in the non-responders (p = 0.0359, p = 0.0374, p = 0.0481, and p = 0.0544, respectively).
No statistically significant differences in the percentages of peripheral white blood cell subsets were observed between the patients with metastatic colorectal cancer before and 2 months after start of the cetuximab-containing therapy (Table 3) . Furthermore, no significant changes in white blood cell subpopulations before and 2 months after therapy initiation were shown in the responder and non-responder groups.
anti-egFr igg antibodies in Patients with Metastatic colorectal cancer
IgG antibodies specific for the extracellular domain of EGFR were detected in the sera of patients with metastatic colorectal cancer before receiving cetuximab (Figure 2) . Anti-EGFR IgG autoantibodies were found in the sera of healthy individuals as well, and no significant differences in anti-EGFR IgG autoantibody levels were observed between the patients and healthy controls, and between the responders and non-responders before therapy.
DiscUssiOn
Although ADCC can be mediated by CD16+CD56+ cells, CD16+ T lymphocytes, CD16+ monocytes and macrophages, and CD16+ granulocytes, it was suggested that CD16+CD56+ cells are the main ADCC effectors (14, 15) . The focus of this investigation was on evaluation of subpopulations of CD16+ and/or CD56+ lymphocytes, which are directly involved in the cetuximab antitumor action. One of the modes of the antitumor action of cetuximab is through direct contact of this antibody bound by Fc fragment to its receptor Fcgamma R IIIA presented on CD16+ lymphocytes and by its Fab fragment to tumor cell. CD56, neural cell adhesion molecule (NCAM) is substantial for cell migration, through binding to other surface, by homotypic adhesion. Therefore, the CD16+ and/or CD56+ lymphocytes could be of importance for the migration of effector lymphocytes to sites where they could exert their antitumor action through ADCC. This mode of action is a contribution to the innate and adoptive antitumor immunity which is already present in patients, and is mediated by CD56+ lymphocytes [comprising of NK (CD56+ CD3−) and minority of NKT cells (CD56+ CD3+)]. Maréchal et al. (14) demonstrated that tumor-infiltrating CD56+ cells represent the major cetuximab-mediated ADCC effectors and that they may be valuable prognostic factors. The CD56+ T cells could also be the cells with the adoptive antitumor action-cytolytic T cells (16) . In some circumstances, CD56+ T cells could differentiate into NK cells. Although CD56+ T cells have been called "NK-like, " Chan et al. (17) found that highly purified resting KIR+ CD56+ T cells were tolerant to standard NK-susceptible targets, but that after their stimulation with specific interleukins, they could kill susceptible NK target. Using gene expression analyses they showed that KIR− CD56+ T cells are metabolically active cells, also directed to effector differentiation. Here, we demonstrated that patients with metastatic colorectal cancer before receiving cetuximab-containing therapy showed a significant decrease in the percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes in the total white blood cell pool, which was accompanied by a significant decrease in lymphocyte percentages and a significant increase in the granulocyte to lymphocyte ratio, indicating tumor-specific immune alterations. Our results indicate the suppression of the immune functions in patients with metastatic colorectal cancer, and that this imbalance in the circulating immune cells may be involved in disease progression. The lower pre-treatment percentages of circulating CD56+ and CD16+CD56+ lymphocytes may not represent the limiting factor for ADCC efficiency (14) .
However, study by Rocca et al. (18) demonstrated an increase in peripheral blood NK (CD3−CD56+CD16+) cell proportions among the lymphocyte subset in patients with colorectal cancer, together with considerable phenotypic and functional changes of peripheral blood NK cells in patients with colorectal cancer (18) . The reason for lower percentage of CD56+ lymphocytes found in our research could be the fact that different samples of immune cells were analyzed; we analyzed immune cells from whole heparinized blood, while Rocca et al. analyzed NK cells from isolated peripheral blood mononuclear cells. In addition, CD16+ and CD56+ lymphocytes which we analyzed are comprised of several subpopulations; the major ones described being the NK cells (and their various subsets based on CD56high or CD56 dim expression), NK-like (CD56+) T cells, and invariant NKT cells (Valpha24 invariant TCR). Therefore, decrease in the percentage of CD16+ and/or CD56+ subpopulations of lymphocytes observed in CRC patients, in this work might be the consequence of more pronounced decrease in the percentages of CD56+ T cells, or decrease in the percentages of invariant NKT cells, both in comparison with percentages of NK cells.
A significant decrease in the percentages of CD56+ and CD16+CD56+ lymphocytes was detected in both responders and non-responders before therapy. However, non-responders alone were shown to have a significantly lower percentage of CD16+ lymphocytes, significantly lower percentage of total lymphocytes, significantly increased percentage of total granulocytes, and the higher ratio of granulocyte to lymphocyte percentages. Furthermore, the lower percentage of lymphocytes and the higher percentage of granulocytes and higher ratio of granulocyte to lymphocyte percentages were observed in non-responders before therapy initiation, compared with those in the responder group. Taken together, these results indicate considerable alterations in the pre-treatment peripheral white blood cell subset architecture in the non-responder subgroup. Therefore, the evaluation of these circulating immune system cells, especially CD16+ lymphocytes, in patients with metastatic colorectal cancer before treatment initiation may be useful for predicting the response to treatment with cetuximab. This is in accordance with the previously published data that showed the potential predictive significance of cetuximab-induced ADCC activity exerted by CD56+CD3− NK cells isolated from peripheral blood of patients with metastatic colorectal cancer (11) . Moreover, in a previous study, it was demonstrated that cetuximab-induced tumor regression is based on the effects exerted by immune cells included in the innate and adaptive immune response, including NK cells, CD8+ T lymphocytes, and dendritic cells (19) , which supports the importance of evaluating immune responses triggered by cetuximab. It should be noted that the lower number of patients in the non-responder subgroup represents a limitation for the statistical analyses of differences between responders and non-responders in this study.
Two months after receiving cetuximab, percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes remained significantly decreased in the group of patients with metastatic colorectal cancer compared with those in the healthy individuals. In contrast to the differences observed before the initiation of the therapy, lymphocyte percentage and the ratio of granulocyte to lymphocyte percentages in patients were comparable to these values determined in the healthy control group. The same changes in the amounts of circulating immune cells showed in the whole group of patients were also observed in the responder subgroup. This effect could be connected with cytokine activation and immune cell stimulation which led to marked decrease in CD16 expression as Romee et al. (20) showed that activation of CD56dim NK cells by cross-linking CD16 with monoclonal antibodies resulted in a loss of CD16 (and CD62L), which correlated with increased interferon-γ production.
However, the percentages of CD16+, CD56+ and CD16+CD56+ lymphocytes 2 months after treatment in the non-responder group did not differ significantly in comparison with healthy individuals. This finding might point to the absence of immune cell activation after cross-linking of CD16 with monoclonal antibodies (20) , but at least partially, might indicate that migrational capability of these, by cetuximab primed effector cells, from periphery to the tumor site failed in this group of patients. Importantly, the non-responders had lower percentage of lymphocytes, higher percentage of granulocytes, and higher ratio of granulocyte to lymphocyte percentages compared with those in the healthy controls and the responders. Decreased percentage of lymphocytes and increased ratio of granulocyte to lymphocyte percentages observed only in the non-responder subgroup before and 2 months after receiving cetuximab suggest that these changes may be implicated in cancer progression and may affect the clinical outcome. These results are in line with a meta-analysis showing that the increased preoperative neutrophil to lymphocyte ratio is associated with poor clinical outcome (21) .
It has been suggested that the exploration of cellular and humoral immune response specific for EGFR might be useful in elucidation of the significance of the anticancer immune response in EGFR-overexpressing tumors (22) . Furthermore, the stronger humoral immune response against EGFR may be associated with better clinical outcome (22) . Pandey et al. (23) reported that higher plasma anti-EGFR IgG antibody levels are associated with the increased survival of glioblastoma patients. Anti-EGFR autoantibody levels were also determined in the sera of breast cancer patients as well (24) and showed that they were negatively correlated with the disease-free survival only in the group of breast cancer patients, with relapse or death. The humoral IgG immune response against EGFR was investigated in patients with non-small cell lung cancer receiving gefitinib and it was suggested that determining anti-EGFR IgG antibody levels may have prognostic significance (25) . We did not determine any differences in the anti-EGFR IgG autoantibody levels between responders and non-responders, and patients and healthy controls. These results are in agreement with previous study in which no significant differences in EGFR autoantibodies were found between breast cancer patients and healthy individuals (24) .
cOnclUsiOn
In conclusion, our study showed significantly decreased percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes in the peripheral blood of patients with metastatic colorectal cancer before therapy and after 2 months of receiving cetuximab. Significantly decreased percentage of lymphocytes and significantly increased ratio of granulocyte to lymphocyte percentages observed only in the subgroup of non-responders before and 2 months after treatment initiation when compared with healthy individuals indicate more pronounced imbalance in the immune system cells in patients who did not achieve therapy response. The finding that the percentages of CD16+, CD56+, and CD16+CD56+ lymphocytes 2 months after treatment, only in the non-responder subgroup did not differ significantly in comparison with healthy individuals opens the question whether, at least partially, the cytokine activation and immune cell stimulation of these, by cetuximab primed effector cells, failed in this subgroup of patients.
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